The diffusion of indium in both the top silicon and the buried oxide (BOX) layers in separation by implantation of oxygen (SIMOX) is investigated. For all indium-implanted samples, there is a significant redistribution of indium atoms from the top Si-BOX interface toward the bottom BOX-Si interface, thereby affecting the indium concentrations in the two silicon-BOX interfaces. In the case of relatively high-dose and high-energy indium implantation (1 ϫ 10 14 cm −2 at 200 keV), an anomalous segregation of indium is observed in both the bulk Si and the SIMOX substrates. However, there is a notable transportation of indium atoms from the top Si layer toward the bottom BOX-Si interface in the SIMOX, thereby affecting not only the indium concentrations in the two silicon-BOX interfaces but also the indium distribution in the top silicon layer. The unique indium-diffusion behavior in the SIMOX is believed to be a composite effect of indium trapping by the two Si-BOX interfaces, indium atoms being drawn away from the top silicon layer by the buried oxide, as well as implant damages in the top silicon. The asymmetrical structure of the BOX layer with Si islands accumulating at the bottom BOX-Si interface and the abundance of oxygen-related defects in the BOX layer are also believed to be responsible for the indium-diffusion behavior in the BOX layer.
I. INTRODUCTION
As device dimensions are scaled into the deep submicron regime, indium has become a promising dopant to create a steep retrograde channel profile (SRCP) in the metal-oxidesemiconductor field-effect transistors (MOSFET). [1] [2] [3] Much work has hitherto been conducted to investigate the indiumdiffusion behavior in the bulk Si substrate [4] [5] [6] [7] [8] [9] [10] and in particular, the transient-enhanced diffusion (TED) of indium has been observed to be one of the most serious issues in indium doping. [7] [8] [9] [10] The silicon-on-insulator (SOI) substrates such as the SI-MOX (separation by implantation of oxygen) are getting increasingly more popular in the complementary metal-oxide semiconductor (CMOS) technology as they offer many advantages in high-speed, low-power devices. 11, 12 Although there have been a number of reports addressing dopant diffusion in the SOI and the bulk silicon, [13] [14] [15] [16] those comparing the diffusion of indium in the SOI and the bulk silicon have been scarce. There have been even fewer studies on the indium behavior in the buried oxide (BOX) layer in the SOI and the influence of the BOX layer (including the top Si -BOX interface) on the indium distribution in the top silicon layer, although there have been a few papers describing the indium diffusion in oxidizing ambients. 4, 5 It is well known that the BOX layer in the SIMOX and a traditional thermal oxide layer have many different properties and so the diffusivity of indium in the buried oxide layer may be different. For example, the BOX layer in the SIMOX has a much higher density of oxygen vacancies than in the thermal oxide (TOX). [17] [18] [19] [20] In this work, we investigated the indium diffusion throughout the entire SIMOX structure including both the top Si and BOX layers and evaluated the effects of the BOX layer as well as the two Si-BOX interfaces on the thermal redistribution of implanted indium in the top silicon layer. Due to the poor electrical activation of indium caused by the low solubility of indium in Si, 7 a high-dose indium ion implantation may be necessary for future microelectronic structures. Therefore, the implant dose of indium studied in this work was up to 1 ϫ 10 14 cm −2 . The anomalous indiumdiffusion behavior observed in both the SIMOX and the bulk Si after relatively high-energy ͑200 keV͒ and high-dose ͑1 ϫ 10 14 cm −2 ͒ implantation are compared.
II. EXPERIMENT
The commercial SIMOX wafers produced by Shanghai SimGui Technology Co., Ltd. (China) were used in our experiments. They have a 200-nm-thick top silicon layer and a 370-nm-thick BOX layer. They were fabricated using a standard process, that is oxygen ion implantation of 1. After implantation, the wafers were annealed either in a rapid thermal annealing (RTA) system at 1050°C for 15 s or in a conventional furnace under nitrogen at 800°C for 2 h. Secondary-ion-mass spectroscopy (SIMS) using a PHI Adept 1010 was employed to acquire the elemental depth profiles. The SIMS profiles were obtained using an oxygen primary ion bombardment with an efficient charge neutralization, and both the concentration and depth scales were calibrated carefully using relative sensitivity factors and sputtering rates determined in silicon and SiO 2 as well as the proper normalization. Cross-section transmission electron microscopy (XTEM) was also used to examine our samples before and after annealing. Figure 1 displays the indium profiles obtained from the SOI samples implanted with indium of 1 ϫ 10 13 cm −2 at 150 keV before and after furnace annealing at 800°C for 2 h. In the relatively low-dose sample, the front edge or prepeak region of the indium profile in the top silicon layer has only undergone minor changes after annealing, whereas the tail end or postpeak region has broadened and spread deeper toward the top Si-BOX interface. This behavior is recognized as the TED effect, as reported in the bulk silicon. 8 In the BOX layer, the significant indium diffusion through the BOX layer occurs during annealing. In the region close to the top Si-BOX interface, the indium concentration is higher in the as-implanted samples than in the annealed samples. In contrast, it is the opposite in the vicinity of the bottom BOX-Si interface. In other words, a significant indium pileup at the bottom BOX-Si interface occurs after furnace annealing, accompanied with the disappearance of the indium pileup at the top Si-BOX interface. When the implant energy rises to 200 keV with the implant dose still being 1 ϫ 10 13 cm −2 , as shown in Fig. 2 , the indium-diffusion behavior during furnace annealing exhibits quite a similar behavior as observed earlier. In the top layer, there is no notable change in the indium profile with the exception of the TED. However, the indium transportation throughout the BOX layer occurs again. These results clearly indicate that during annealing, a significant number of indium atoms diffuse from the top Si-BOX interface to the bottom BOX-Si interface.
III. RESULTS AND DISCUSSION
Figures 3(a)-3(c) depict the indium profiles acquired from the higher dose ͑1 ϫ 10 14 cm −2 ͒ 200 keV samples before and after RTA or furnace annealing. For comparison, the results from the bulk Si samples are also plotted in Fig. 3 Fig. 3(a) , the as-implanted indium profile in the top Si layer of the SIMOX sample exhibits a peak at 97 nm below the surface that is in good agreement with that in the bulk Si. Some indium atoms are observed to pile up at the top Si -BOX interface. After RTA, a significant anomalous segregation is observed in both the bulk silicon and the SIMOX substrates giving rise to a peak at 130 nm below the surface, as shown in Fig. 3(b) . This phenomenon can be explained by interstitials and indium atoms being trapped at the end-ofrange (EOR) dislocation loops when the implantation dose is high enough. 9, 10 It is noteworthy that this anomalous indium peak in the SIMOX is shallower in depth compared with that in the bulk Si. The RTA process creates a substantial indium pileup around the bottom BOX-Si interface, and a significant amount of indium moves into either the two Si-BOX interfaces as well as the BOX layer itself. The trend of the indium diffusing from the top Si layer into the BOX layer and subsequently the back BOX-Si interface is more pronounced after the conventional furnace annealing at 800°C for two h. As shown in Fig. 3(c) , compared to the profile in the bulk Si, the anomalous peak in the top Si layer of the SIMOX is obviously lower and shallower. The amount of indium in the vicinity of the top Si-BOX interface is lower than that in the RTA sample, whereas the reverse is true at the bottom BOX-Si interface, again indicating significant indium diffusion toward the BOX-Si interface during annealing. The leading edge of the indium profile in both the top silicon in the SIMOX sample and the bulk silicon also exhibits a significant change that appears to be related to the indium out diffusion toward the sample surface. It has been reported that at a high temperature, the near-surface dislocation loops dissolve more easily than those in a deeper region, 10 therefore free interstitials, as well as indium atoms will move from the near-surface loops into the sample surface. The loss of indium in the top Si layer of the SIMOX is found to be much higher than in the bulk Si. The difference in the leading edge of the diffusion profiles is not the emphasis of this work and needs more studies in the future.
As reported in the literature, 8 the TED of indium is similar to that of boron, which is primarily via an interstitialassisted mechanism. In the bulk Si, with the assistance of a large amount of interstitials produced during implantation, the indium atoms are driven into a deeper region of the sample. In the case of an amorphizing implantation dose (higher than 1 ϫ 10 14 cm −2 ), the interstitials together with the indium atoms will subsequently be trapped by the dislocation loops around the as-implanted amorphous/crystalline interface, thereby giving rise to the anomalous indium segregation. 10 The presence of a BOX layer in the SIMOX creates another variable in the diffusion mechanism that in turn affects the tail region of the indium profile in the top Si layer. As widely recognized, both the low segregation coefficient at the Si-SiO 2 interface and the high indium-diffusion coefficient in the oxide contribute to the indium out diffusion through a thin-oxide surface layer. Accordingly, we believe that the BOX effect on the indium in diffusion can also be divided into two parts: the segregation effect of the top Si -BOX interface and the trapping effect of the BOX layer on indium atoms.
The top Si-BOX interface has been found to act as a recombination site for the excess point defects.
13 J. BousseySaid et al. have estimated that the SiO 2 interface in the SI-MOX is ten times more effective in removing the excessive self-interstitials than the interface in a back-etched and bonded SOI wafer. 21 At 1 ϫ 10 14 cm −2 at 200 keV, the EOR of indium approaches the buried interface and so the interface together with the BOX layer can affect the indium profile in the top Si layer. Figures 4 and 5 show the XTEM pictures taken from our SIMOX samples implanted at these conditions before and after furnace annealing. It is clear that in the as-implanted sample, a completely amorphous layer spans from the surface to the middle region of the top Si layer. In the region between the indium-projected range to the top Si-BOX interface, there are also considerable implant-induced defects. Therefore, it is reasonable to consider the effects of the interface on the indium diffusion. During annealing, the interstitials around the EOR are trapped by the top Si-BOX interface, and thus the indium atoms accompanying the interstitials are also trapped at the interface. The segregation coefficient ͑m͑T͒͒ of indium at the Si-SiO 2 interface is given in Ref. 5 as m͑T͒ =C Si /C oxide = 1.3ϫ 10 −13 exp͑2.55/ kT͒. At a temperature between 800 and 1050°C, this segregation coefficient is much less than 1. In the SIMOX substrate, with the aid of the interstitials trap- ping by the interface, considerable indium atoms around the EOR in the top Si layer are able to move further to the interface.
Besides the effects of the top Si-BOX interface, the diffusion of indium in the BOX layer is believed to play an important role during annealing. Our SIMS data provide direct evidence on the indium transportation throughout the BOX layer. When the indium atoms reach the top Si-BOX interface, there is a great tendency for them to quickly diffuse through the BOX layer to the bottom BOX-Si interface. This drives more indium toward the Si-BOX interface from the top silicon layer. As to the diffusion mechanism of indium in the BOX layer, it may be attributed to the asymmetrical structure of the BOX layer and to the oxygenrelated defects in the BOX. The presence of excess Si in the BOX layer has been ascribed to the dissimilarities between the BOX and the conventional TOX layer, 17, 20 and Si islands are found to accumulate near the BOX-substrate interface, [22] [23] [24] [25] [26] resulting in an asymmetric defect structure in the BOX layer. As shown in the XTEM micrographs acquired from the SIMOX samples (Figs. 4 and 5) , there are considerable Si islands located at the bottom of the BOX layer. This asymmetry appears to contribute to the indium in diffusion trend in the BOX layer observed in our study. The accumulation of indium atoms at the BOX-Si interfacial region can be attributed to the indium segregation into this region possessing a substantially lower stoichiometry and effective damage and the dangling Si bonds in SiO x similar to the behavior of some metal atoms in this BOX region in the SIMOX as reported before. 27 Furthermore, the high-density oxygen vacancies in the BOX layer are also expected to play an important role in the diffusion of indium atoms from the top Si-BOX interface into the underlying BOX layer. It is found that the oxygen-vacancy defect (E' center) generation sensitivity is fairly constant throughout the entire BOX layer with a pronounced decline toward the BOX-substrate interface. 23 Therefore, it is reasonable to suppose that these high-density oxygen-related defects facilitate the diffusion of indium through the BOX layer. Hence, the trapping of interstitials at the top Si-BOX interface together with the fast diffusion of indium through the BOX layer provides a substantial driving force to draw indium from the top silicon layer during annealing. This appears to be the reason for the shallower and lower indium profile in the top Si layer of the SIMOX compared to bulk Si. As a result, the TED behavior under the heavy implant condition is found to be less serious in the SIMOX SOI structures.
IV. CONCLUSION
In summary, we have investigated the indium diffusion behavior in the SIMOX. A significant amount of indium is found to diffuse through the BOX layer to the bottom BOX -Si interface after either RTA or furnace annealing. The comparison of the indium depth profiles in the SIMOX and the bulk Si after high-dose and high-energy implantation (1 ϫ 10 14 cm −2 at 200 keV) reveals a trapping effect of the BOX layer making the indium profile different. The role of the top Si-BOX interface in the SIMOX as an effective point defects recombination center is considered to be the main driving force for the interstitials and accompanying indium atoms to diffuse toward the interface. The asymmetrical structure of the BOX layer with Si islands accumulating at the BOX-substrate interface and the abundance of oxygenrelated defects in the BOX layer are believed to be also responsible for the notable indium diffusion in the BOX layer.
